Introduction 44 45
The plant parasitic nematodes are a major biotic stress factor, affecting numerous crop productions, 46 and the root-knot nematodes (RKN: Meloidogyne spp.) is the main crop damaging species of3 Solanaceae worldwide. [1] Most of the synthetic plant protection products are now of the market 48 (91/4141/EEU) due to their harsh environmental impact and to date research is focused in 49 investigating new means of nematodes control. The plant secondary metabolites, gain the major part 50 of the scientific attention to be studied as alternatives, eco-friendly nematode control substances 51 and efficacy is evaluated in terms of second stage juveniles (J2s) paralysis or biological cycle arrest 52 in host roots. [2, 3] Nonetheless and to the best of our knowledge there are only a few studies on the 53 repellent or attractant properties of botanical substances against phytonematodes, although the pest 54 orientation inside the soil, signifying host infection, is clearly defined by chemical signals. In fact, 55 the infective nematode stage responds to plant signals originating from root exudates or sites of 56 previous nematode penetration to find and recognize their hosts inside the soil. [4] In that frame, 57 recently was analyzed the chemical composition of tomato root exudates to study the allopathic 58 effect towards Meloidogyne incognita, yielding mainly esters and phenols. [5] Other substances that 59 have been found of repellent and attractant properties towards RKN inside the soil are carbon 60 dioxide [6, 7] , tannic acids, flavonoids, glycoside, fatty acids and volatile organic molecules. [8, 9] 61
Nematode chemoreception towards a nematicidal compound could help amegliorate efficacy if of 62 attractant properties. Formulates composed of synergistic binary mixtures of nematicidals with 63 nematode attractants could enhance even more efficacy levels under field conditions. Thus it is 64 mandatory to unreveal both the nematicidal and the attractant or repellent properties of plant 65 secondary metabolites, if to be used as active ingredients in a nematicidal IPM compatible 66 formulate. Recently it has been reported that the sensory perception of M. chitwoodi and M. hapla 67 juveniles was altered after exposure to seaweed products [10] and the effect was attributed to 68 chemical properties of ingredient compounds.
[11] Perry [11] has even provided a useful generalized 69 framework to visualize attractants by classifying them as long-distance, short-distance and local 70 6 prepared as explained in the above paragraph, was placed at the center of the plate just before the 117 tracking. To study the behavior of worms, we used an automated tracking system to follow 118 individual young adults crawling on NGM plates. [22, 23] Single young adults (C. elegans aged ~ 55 119 h) or freshly hatched (24 h) M. incognita second-stage juveniles (J2) were manually picked off a 120 plate and placed using a platinum pick in a 1 μ L droplet of water on the agar surface of the gradient 121 assay plate, 15 mm from the plate center (Fig. 1) . Putting a worm in a droplet of water is an 122 effective method for rapid transferring of a single animal without scratching the agar surface 123 (important for obtaining high-contrast videos and perfect tracking) and for testing the condition of 124 the worm (injured nematodes, which could not properly swim in a drop of water, were rejected). 125
The surface tension of the drop of water prevented the nematode from creeping out. Next, the plate 126 was placed in a device for tracking nematodes. Observation of the nematode allowed us to notice 127 the moment when the 1 Custom worm tracker software (WormSpy) was used to move the camera automatically to re-center 138 the worm under the field of view during recording. [22, 23] The automated tracking system comprises 139 7 a stereomicroscope (Olympus SZ11), a modified (with unscrewed lens) web camera (Logitech 140
QuickCam Pro 9000) with 640×480 resolution to acquire worm videos, and a desktop PC running 141 under Windows 7. The tracking system located the worm's centroid (defined as the geometrical 142 center of the smallest rectangle that could be drawn around the worm) and recorded its x and y 143 coordinates with a sampling rate of 2 s -1 . When a worm neared the edge of the field of view, the 144 tracking system automatically re-centered the worm by moving the stage and recorded the distance 145 that the stage was moved. We reduced the variation in sampling rate as a consequence of the small 146 differences in the time it took to re-center the worm and the need to take data only when the stage 147 was stationary by developing a simultaneous localization and tracking method for a worm tracking 148 system. [22, 23] The spatiotemporal track of each worm was reconstructed from the record of centroid 149 locations and camera displacements. The instantaneous speed and trajectory were computed using The radius in which M. incognita were present, measured from the peak to worm location, was in 196 the range from about 14.5 mm ((E)-2-decenal) to about 11.5 mm (2-undecanone) (median value, 197 The speed of the C. elegans varied with time (Fig. 3) . In most cases, we observed a decreasing trend 205 in the speed of its movements, and its frequent oscillations. In control conditions (Fig 2A and B) , 206
we observed lowest oscillations of the speed, while the nematodes in presence of (E)-2-decenal 207 were paralysed (Fig. 6E) . The long period of reduced locomotion activity was observed particularly 208 in presence of oxamyl and 2-undecanone ( Fig. 3G and H, time 1800-3400 s) . 209
The speed of the M. incognita was more stable in comparison to C. elegans (Fig. 7) . In most cases, 210 we observed a more or less side trend in the speed of their movements. That is M. incognita moves 211 with sustain almost stable speed themselves over the long time. The oscillations were revealed in 212 control conditions (water Fig. 7A ). The long period of reduced locomotion activity was particularly 213 observed in presence of fostiazate (Fig. 7F) . in presence of (E)-2-decenal (Fig. 4E) and oxamyl (Fig. 4G) . The greatest distance from the start 224 position was recorded for the nematodes in presence (E,E)-2,4-decadienal (Fig. 4D) . 225 Figure 8 shows the variation in the distance from the start position of M. incognita. During the 226 experiment the nematodes moved away from the starting point with exception when on the center of 227 the Petri dish was applicated water (Fig. 8A) or DMSO (Fig. 8B) . Farthest median distance from the 228 start position was recorded for M. incognita in presence (E)-2-decenal (Fig. 8E) . 229
230
Time-dependent changes in distance from the peak 231
232
The distance between C. elegans and the peak varied with time (Fig. 5) . The worms generally did 233 not approach to the center of plate. Most often C. elegans is keen to escape. Only little approach 234 was observed in presence of (E,E)-2,4-decadienal (Fig. 5D, A) . 235
Interesting behavior of M. incognita was observed in presence of 2-undecanone where almost 236 immediately, in time range of 0 -360 s, after application nematodes moved towards the central 237 peak of the test substance (Fig. 9H) . Fostiazate evoked moving towards the central peak only about 238 half duration of experiments (Fig. 9F) . [24] Additionally there is an increasing 248 interest in the use of C. elegans as a tool for parasitic nematode research.
[25] In some ecosystems 249 nematodes contribute up to 40% of nutrient mineralization. [26] The soil nematodes like 250
Caenorhabditis elegans, also mediate the interaction between roots and rhizobia in a positive way, 251 leading to nodulation.
[27] Plant roots trigger behavioral response by emitting volatile signals 252 attracting parasitic nematodes to the root proximity. [27] 12
In order to increase agricultural production yields the plant protection products are used. 254
Commercial nematicides may effectively control nematode pests in annual crops, but are usually 255 non-specific, notoriously toxic and they pose a threat to saprophytic nematodes, and the soil 256 ecosystem, ground water and human health. [28] 257 During the past decade, the roundworm Meloidogyne incognita has become a popular target for the 258 study of nematicides, leading to a wealth of information about toxic substances of plant origin [2] in 259 order to replace biohazardous nematicides with ecofriendly alternatives. Trans-anethole, (E,E)-2,4-260 decadienal, (E)-2-decenal, 2-undecanoneare are reported nematicidals [13] [14] [15] but their chemotactic 261 effect on M. incognita J2 stage and adult C. elegans behavior is presented herein for the first time. 262
The variability of the distribution of the nematicide in soil depends upon the degree of incorporation 263 and the extent to which the chemical is redistributed in soil by diffusion and leaching in soil water. 264 [29] Failure to effectively control nematodes may often be explained by poor nematicide application 265 and/or incorporation with field equipment, and the fact that the nematodes would move away from a 266 repellent source when are exposed to higher concentrations, because the nematodes have developed 267 the capacity to sense and respond to chemical signals.
[29] The development of new classes of 268 nematicides with novel mode of action, that are effective when used in soil or applied directly to 269 crops and are environmentally benign and specific to target pests, is perhaps an idealistic hope. To 270 be effective, nematicides have to persist long enough for nematodes to be exposed to lethal 271 concentrations. One solution to this problem could be searching substances specifically attracting 272
M. incognita. 273
We analyzed the movement of M. incognita J2 larvae and adult C. elegans in the presence of 274 different concentrations of commercial nematicides (oxamyl, fostiazate) and plant derived 275 compounds (trans-anethol, (E,E)-2,4-decadienal, (E)-2-decenal, and 2-undecanone) nematicides 276 13 to investigate their chemotaxis and infer their responses to chemosensation in vivo. In our 277 experiment, nematodes could select the concentration of substance in which they wanted to stay. 278
Chemical components may deter one organism while attracting another and these compounds alter 279 nematode behavior and can either attract nematodes or result in repellence, motility inhibition with 280 narcotic effect or even death.
[4] We used sublethal nematocides concentrations, but high enough to 281 be "perceived" by the nematodes. One line of defense against the harmful substances is behavior; C. 282 elegans and M. incognita can sense the presence of certain chemicals and avoid them. 283
In a survey of volatile organic compounds, C. elegans exhibited either attraction or repulsion to 50 284 out of 120 compounds tested.
[30] Root exudates effect on chemotaxis of M. incognita J2. [5] Unlike 285 free-living nematodes such as C. elegans, which feed on a wide range of bacterial species as well as 286 fungal mycelium, parasitic nematodes must fine-tune their chemosensory repertoire to respond 287 more precisely to host-specific cues. Because of different biology, the some substances evoke 288 different behavior in C. elegans and M. incognita. Among tested substances the strongest repellent 289 for M. incognita was (E)-2-decenal (Fig. 6C, 7E ). 2-undecanone was strong attractant for M. 290 incognita and the worms moved without any delay towards the substance (Fig. 6C, 8H) . So far has 291 been shown that carbon dioxide released from roots attracts M. incognita.
[7] Yang et al. [5] revealed 292 that sterilized water (control) attracted M. incognita J2. Likewise, in our experiment in water control 293 M. incognita stay nearest to start position (Fig. 6B, 7A) . 294
All tested compounds paralysed M. incognita and (E,E)-2,4-decadienal was the most effective 295 followed by trans-anethole, (E)-2-decenal and 2-undecanone.
[12-15] As 2-undecanone is the only 296 attractant it would be interesting to study its efficacy in arresting the biological cycle of M. 297 incognita in tomato roots and compare it to the repellents efficacy. 298
Paralysis we observed when C. elegans were challenged to (E)-2-decenal (see speed of movement 299 and distance to start position Fig. 2, 3E, 4E) . The similar narcotic effect we observed in presence of 300 oxamyl -commercial non fumigant nematicide which acts as acetylcholinesterase inhibitors, 301 interfering with the normal nerve impulse transmission within the central nervous system of 302
nematodes. 303 304
Conclusions 305
306
To the best of our knowledge, this is the first report on the behavioral effects of trans-anethole, 307 (E,E)-2,4-decadienal, (E)-2-decenal, 2-undecanone are, fosthiazate and oxamyl on Meloidogyne 308 incognita and Caenorhabditis elegans. Moreover, the data on the behavior and neural activity in 309 response to spatial chemical patterns of tested substances are too limited to make a definitive 310 assessment. Therefore, further studies on the suborganismal level can explain the mode of toxic 311 activity of aldehydes and ketones in cells and tissues. [17] Our results suggest that natural substances 312 may significantly decrease crop loss due to changed nematode behavior. Therefore, we think that 313 even when lethality of natural substances is lower than lethality of chemical nematicides, they can 314 like e.g. 2-undecanone acting synergistically to enhance attraction to synthetic pesticides. 
